The framework of relativistic self-consistent mean-field models is extended to include correlations related to the restoration of broken symmetries and to fluctuations of collective variables.
I. INTRODUCTION
In the first part of this work [1] we have extended the theoretical framework of relativistic self-consistent mean-field models to include correlations related to the restoration of broken symmetries and to fluctuations of collective coordinates. In the specific model which has been developed in [1] , the generator coordinate method (GCM) is employed to perform configuration mixing calculations of angular momentum projected wave functions, calculated in a relativistic point-coupling model. The geometry is restricted to axially symmetric shapes, and the mass quadrupole moment is used as the generating coordinate. The intrinsic wave functions are generated from the solutions of the constrained relativistic mean-field + BCS equations in an axially deformed oscillator basis. In order to test the implementation of the GCM and angular momentum projection, a number of illustrative calculations were performed for the nuclei 194 Hg and 32 Mg, in comparison with results obtained in non-relativistic models based on Skyrme and Gogny effective interactions.
In this work we develop the model further by including the restoration of particle number in the wave functions of GCM states, i.e. we restore a symmetry which is broken on the mean-field level by the treatment of pairing correlations either in the BCS approximation, or in the Hartree-Fock-Bogoliubov (HFB) framework. We perform a GCM configuration mixing of angular-momentum and particle-number projected relativistic wave functions. Projection on particle number is crucial whenever the number of correlated pairs becomes small and the density of levels close to the Fermi energy is low, a situation typical for the description of phenomena related to the evolution of shell structure [2, 3] : reduction of spherical shell gaps and modifications of magic numbers in nuclei far from stability, occurrence of islands of inversion and coexistence of shapes with different deformations, moments of inertia of superdeformed bands, etc. We thus plan to build a self-consistent relativistic mean-field model in which rotational symmetry and particle-number are restored, and fluctuations of the quadrupole deformation are explicitly taken into account. Such a model can be applied in a quantitative description of shell evolution, and particularly in the treatment of shape coexistence phenomena in nuclei with soft potential energy surfaces.
In Sec. II we outline the relativistic point-coupling model and the Lipkin-Nogami approximate particle number projection, which are used to generate the intrinsic mean-field wave functions with axial symmetry, and introduce the formalism of configuration mixing of angular-momentum and particle-number projected wave functions. In Sec. III the model is tested in a detailed analysis of the spectra of 24 Mg, 32 S and 36 Ar. In order to illustrate the effects of particle-number projection, we compare the results with those obtained employing the model developed in the first part of this work [1] , in which the intrinsic wave functions are generated from the solutions of the constrained relativistic mean-field + BCS equations, without particle-number projection. The results are also discussed in comparison with the corresponding nonrelativistic GCM models based on Skyrme and Gogny effective interaction. A brief summary and an outlook for future studies are included in Sec. IV.
II. THEORETICAL FRAMEWORK
A. Implementation of the Lipkin-Nogami pairing scheme
In the model that we have developed in Ref. [1] , the intrinsic wave functions are generated from constrained self-consistent solutions of the relativistic mean-field (RMF) equations for the point-coupling (PC) Lagrangian of Ref. [4] . Only basic features of the RMF-PC model are outlined in [1] , and we refer the reader to [4] and references therein, for a complete discussion of the framework of relativistic point-coupling nuclear models. The specific choice of the PC Lagrangian [1, 4] defines the mean-field energy of a nuclear system
where ψ denotes the Dirac spinor field of a nucleon, and the the local isoscalar and isovector densities and currents
are calculated in the no-sea approximation: the summation runs over all occupied states in the Fermi sea, i.e. only occupied single-nucleon states with positive energy explicitly contribute to the nucleon self-energies. v 2 k denotes the occupation factors of single-nucleon states. In Eq. (1) ρ p is the proton density, and A 0 denotes the Coulomb potential.
In addition to the self-consistent mean-field potential, for open-shell nuclei pairing correlations have to be included in the energy functional. In this work we do not consider nuclear systems very far from the valley of β-stability, and therefore a good approximation for the treatment of pairing correlations is provided by the BCS formalism. Following the prescription from Ref. [4] , we use a δ-interaction in the pairing channel, supplemented with a smooth cut-off determined by the Fermi function of single-particle energies ǫ k [5] :
where λ τ is the Fermi energy for neutrons (τ = n) or protons (τ = p). f 2 k is used in the evaluation of the pairing density
where the summation runs for τ = n(p) over neutron (proton) single-particle states. The cut-off parameters ∆E q and µ q = ∆E q /10 are adjusted to the density of single-particle levels in the vicinity of the Fermi energy. In particular, the sum of the cut-off weights approximately includes one additional shell of single-particle states above the Fermi level
where N τ denotes number of neutrons (protons) in a specific nucleus. The pairing contribution to the total energy is given by
where V n(p) denotes the strength parameter of the pairing interaction for neutrons (protons).
Finally, the expression for the total energy reads
and the center-of-mass correction is included by adding the expectation value
to the total energy, where P cm denotes the total momentum of the nucleus.
The principal disadvantage of describing pairing correlations in the BCS approximation is that the resulting wave function is not an eigenstate of the particle number operator. More precisely, the BCS ground state contains admixtures of particle-number eigenstates with a relative spread of order 1/ √ N , where N denotes the average number of valence particles. The ideal solution, of course, is to perform particle number projection from the BCS state before variation. This procedure is technically rather complicated and very much time consuming, and therefore it is usual to employ the Lipkin-Nogami (LN) approximation to the exact particle number projection [6, 7, 8] . In this work the LN method is implemented in terms of local density functionals of the effective interaction, as developed in Refs. [9, 10, 11, 12] .
The Lipkin-Nogami equations are obtained from the variation of the functional
with respect to the single-particle statesψ k and the occupation amplitudes v k . E tot is the total energy functional of Eq. (10). The resulting expression for the occupation probabilities can be cast into the standard BCS formula
where ǫ
k denotes the renormalized single-particle energy, and λ τ = λ 1,τ + 4λ 2,τ (N τ + 1) is the generalized Fermi energy. λ 1,τ is determined by a particle number subsidiary condition such that the expectation value of the particle number operator equals the given number of nucleons. The state-dependent single-particle gaps are defined as the matrix elements
of the local pair potential
While the quantities λ 1,τ represent the Lagrange multipliers used to constrain the average particle numbers, the value of the parameters λ 2,τ are determined from
whereN 2,τ is the term of the particle number operator which projects onto two-quasiparticle
and ∆N 2 2,τ =N 2 2,τ − N 2 2,τ denotes its variance. The evaluation of the parameters λ 2,τ is described in the Appendix.
After approximate particle-number projection the total binding energy reads
The strength of the pairing interaction can be determined by comparing the average pairing gaps with empirical gaps obtained from nuclear masses. The average gap is given by the summation over occupied states with either the occupation probability v 2 k as the weighting factor [13] 
or the factor u k v k [12] 
The corresponding expressions for the (approximately) particle-number projected average pairing gaps read [12, 14] :
The local densities and currents which define the energy functional refer to the intrinsic state, and are therefore computed from the Eqs. (2) -(5). On the other hand, the densities used to evaluate physical observables, such as the mass quadrupole moment, must correspond to the (approximately) particle-number projected state. The LN density is simply computed by replacing the occupation probabilities v 2 k , with the LN occupation coefficients [15, 16] 
where x denotes half of the trace
We note that LN-corrected quadrupole moments will be used in the constrained selfconsistent relativistic mean-field calculations (see Eq. 26).
In this work we only consider even-even nuclei that can be described by axially symmetric shapes. In addition to axial symmetry and parity, symmetry with respect to the operator e −iπĴy , and time-reversal invariance are imposed as self-consistent symmetries. The singlenucleon Dirac eigenvalue equation is solved by expanding the large and small components of the nucleon spinor ψ i in terms of eigenfunctions of an axially symmetric harmonic oscillator potential (see Ref. [17] for details).
B. Configuration mixing of mean-field solutions projected on angular momentum and particle number
Correlation effects related to the restoration of broken symmetries and to fluctuations of collective coordinates can be taken into account by performing configuration mixing calculations of projected states. The generator coordinate method (GCM), which uses a set of mean-field states |φ(q) that depend on a collective coordinate q, provides a very efficient procedure for the construction of the trial wave function [18] :
In this work the basis states |φ(q) are Slater determinants of single-nucleon states generated by solving the constrained relativistic mean-field + LNBCS equations, with the quadrupole moment as the generating coordinate q. For an axially deformed nucleus the map of the energy surface as a function of deformation is obtained by imposing a constraint on the mass quadrupole moment. The method of quadratic constraint uses an unrestricted variation of the function
where K is the energy functional of Eq. (12), Q denotes the expectation value of the mass quadrupole operator, q is the deformation parameter, and C is the stiffness constant.
The axially deformed mean-field breaks rotational symmetry, and the particle number
is only approximately restored with the Lipkin-Nogami procedure, i.e. the basis states |φ(q) are not eigenstates of the total angular momentum and particle number operators.
Therefore, in order to be able to compare model predictions with data, we must construct states with good angular momentum and particle number, by performing projections from the mean-field plus LNBCS solutions
The particle-number projection operators read
whereN (Ẑ) is the number operator for neutrons (protons), and N(Z) denotes the number of neutrons (protons).
The angular momentum projection operator is defined bŷ
where the integration is performed over the three Euler angles α, β, and γ. D
−iKγ is the Wigner function [19] , andR(Ω) = e −iαĴz e −iβĴy e −iγĴz is the rotation operator.
The weight functions f JK α (q j ) are determined by requiring that the expectation value of the energy is stationary with respect to an arbitrary variation δf JK α :
This leads to the Hill-Wheeler equation [20] :
The restriction to axially symmetric configurations (Ĵ z |φ(q) = 0) simplifies the problem considerably, because in this case the integrals over the Euler angles α and γ can be performed analytically. In addition, the symmetry with respect to the operator e −iπĴy reduces the integration interval over the Euler angle β from [0, π] to [0, π/2]. For an arbitrary multipole operatorQ λµ one thus finds
We note that this expression is defined only for even values of the angular momentum J.
The norm overlap kernel
can be evaluated by using the fact, that |φ(q j ) is a product of a neutron-and a proton
Slater determinant and the generalized Wick theorem [21, 22, 23, 24] :
for τ = n, p. The overlap matrix is defined as
where u and v denote the BCS occupation probabilities, and the elements of the matrix R read
We note that the global phase of the overlap in Eq. (34) is determined by using the procedure described in Ref. [23] . The details of the evaluation of the matrix R can be found in Ref. [1] .
The Hamiltonian kernel
can be calculated from the mean-field energy functional Eq. (1), provided the modified densities [21, 22, 23, 24] 
are used when evaluating the expression
The computational task of evaluating the Hamiltonian and norm overlap kernels can be reduced significantly if one realizes that states with very small occupation probabilities give negligible contributions to the kernels, and hence such states can be excluded from the calculation [23, 24] .
For an even number of particles, the integration interval in Eq. (28) can be reduced to [0, π] using the symmetries of the integrand. Furthermore, the integrals can be discretized by using the Fomenko's expression [25] 
with L points in the expansion. In order to avoid numerical instabilities which might arise
when the occupation probability of a state is exactly 0.5, an odd number of points must be used in the Fomenko's expansion [26] . The Gauss-Legendre quadrature is used for the integration over the Euler angle β. We have verified that already L = 9 points both for protons and neutrons in the Fomenko's expansion, and 13 points in the integral over β, produce numerically stable results.
presents a generalized eigenvalue problem. Thus the weight functions f J α (q i ) are not orthogonal and cannot be interpreted as collective wave functions for the variable q. The standard procedure [27] is to re-express Eq. (43) in terms of another set of functions, g
The functions g J α (q i ) are orthonormal and play the role of collective wave functions. For a more detailed description of this particular implementation of the Hill-Wheeler equation, we refer the reader to Ref. [1] .
For completeness we also include the expressions for physical observables, such as transition probabilities and spectroscopic quadrupole moments [28] . The reduced transition probability for a transition between an initial state (J i , α i ), and a final state (J f , α f ), reads
and the spectroscopic quadrupole moment for a state (Jα) is defined
Since these quantities are calculated in full configuration space, there is no need to introduce effective charges, hence e denotes the bare value of the proton charge. In order to evaluate transition probabilities and spectroscopic quadrupole moments, we will also need the reduced matrix element of the quadrupole operator
III. ILLUSTRATIVE CALCULATIONS
The intrinsic wave functions that will be used in configuration mixing calculations are obtained as solutions of the self-consistent RMF+LNBCS equations, subject to constraint on the mass quadrupole moment. As in the first part of this analysis [1] , we use the relativistic point-coupling interaction PC-F1 [4] in the particle-hole channel, and a density-independent δ-force is the effective interaction in the particle-particle channel. The parameters of the PC-F1 interaction and the pairing strength constants V n and V p have been adjusted simultaneously to the nuclear matter equation of state, and to ground-state observables (binding energies, charge and diffraction radii, surface thickness and pairing gaps) of spherical nuclei [4] , with pairing correlations treated in the BCS approximation. However, since the present analysis includes the LN approximate particle number projection, the pairing strength parameters have to be readjusted. By comparing the projected average pairing gaps uv∆ (LN ) τ and the BCS pairing gaps uv∆
, we find that the neutron pairing strength should be reduced from V n = −308 MeV to V n = −285 MeV, and the proton pairing strength from
MeV. The average pairing gaps for two isotopic and two isotonic chains are shown in Fig. 1 . We notice that by readjusting the strength parameters V n and V p , a good agreement between projected average pairing gaps and the BCS average pairing gaps is obtained except, of course, for magic numbers of neutrons or protons, for which an unphysical collapse of pairing correlations is found in the BCS approximation.
In order to illustrate the importance of including particle-number projection in the description of specific structure effects, we will compare the results of GCM calculations with those obtained using the model that was developed in the first part of this work [1] , and in which the intrinsic wave functions are generated from the solutions of the constrained relativistic mean-field + BCS equations, without the Lipkin-Nogami approximate particle- [1] is used), and PN&AMP will denote the results of GCM calculations which include both the restoration of the particle number and rotational symmetry.
In this section illustrative configuration mixing calculations are presented for 24 Mg, 32 S and 36 Ar. We choose these nuclei because the results can be directly compared with extensive GCM studies performed using the nonrelativistic Skyrme and Gogny effective interactions.
In the analyses in which the nonrelativistic zero-range Skyrme interaction was used [23, 29] , both particle number and angular momentum projections were performed. The simultaneous projection on particle number and angular momentum is computationally much more demanding in the case of a finite-range interaction, and therefore only angular momentum projection was performed in the studies with the Gogny force [28, 30, 31] . Both approaches are interesting for the present analysis, because by comparing the results one can deduce which effects can be attributed to particle number projection, and which originate from the differences in the properties of the effective interactions.
The constrained RMF equations are solved by expanding the Dirac single-nucleon spinors in terms of eigenfunctions of an axially symmetric harmonic oscillator potential. In order to keep the basis closed under rotations, the two oscillator length parameters b ⊥ and b z have always identical values [32, 33] . In addition, to avoid the completeness problem in subsequent configuration mixing calculations, the same oscillator length is used for all values of the quadrupole deformations [33] . Since we consider relatively light nuclei in this work, it is sufficient to use ten oscillator shells in the expansion (see Ref.
[1] for details).
A. 24 Mg
The low-energy spectrum of 24 Mg displays a typical rotational structure, with data on the ground-state band extending up to angular momentum I = 8 [34, 35] . 24 Mg have been studied with the GCM using the Skyrme SLy4 [23] , and the Gogny D1S [28] effective interactions.
In Fig. 2 The GCM excitation energies and the resulting transition probabilities for the groundstate band, calculated with the PC-F1 effective interaction, are shown in Fig. 3 . The results of the AMP and PN&AMP configuration mixing calculations are compared with the data.
As expected, the inclusion of dynamical pairing effects reduces the moment of inertia, but the resulting spectrum is much too spread out compared to experiment. This is a well known problem, related to the fact that we project particle number and angular momentum only after variation, rather than performing the projections before variation [36] . It has been shown that in the latter case rotational bands with larger moments of inertia are obtained [37, 38] , provided that the model geometry allows for the alignment of nucleon angular momenta. Since the full projection before variation is technically and computationally much more complex, it has been seldom used in realistic calculations. We note that one possible improvement of the present model would be to project, for each value of the angular momentum J, the cranked mean-field wave functions which, in addition to the mass quadrupole moment, are also constrained to have J x = J [18, 39] . This extension has not been included in the present analysis.
The transition probabilities, as well as the calculated spectroscopic quadrupole moment Q spec (2 indicating large dynamical prolate deformation [40] . 32 S is among the best studied nuclei in the sd shell, and both the energies and lifetimes of many states up to ≈ 10 MeV excitation energy are known [41, 42] .
Several modern theoretical approaches have been used in recent studies of normally deformed (ND), and superdeformed (SD) configurations in 32 S: the shell model with the universal sd-shell Hamiltonian [43] , the semimicroscopic algebraic cluster model [44] , and various extensions of the self-consistent mean-field framework. They include the cranked HartreeFock [45, 46, 47] , and Hartree-Fock-Bogoliubov method [30] for the description of the SD configuration, and the generator coordinate method with the Skyrme SLy6 [29] , and Gogny D1S effective interactions, in the analysis of both ND and SD configurations [29, 30] .
In Fig The superdeformed minimum is more pronounced in the calculation without particle number projection, both for the MF+BCS curve and for the angular momentum projected energy curves. The GCM superdeformed band is calculated at somewhat lower excitation energies in the AMP case, and this is because in the PN&AMP calculation pairing correlations do not vanish in the SD minimum. The energies of the GCM states are plotted as functions of the average quadrupole moment
The overall structure of energy levels, and in particular the two-phonon triplet 0
1 , is much better described when particle number projection is included (see Tables I and II for a comparison with experimental levels). Similar results for the spectra of 32 S have also been obtained in the GCM analyses of Refs. [29, 30] . The calculation with the zero-range SLy6 effective interaction, including particle number projection, reproduces the structure of the two-phonon triplet [29] . On the other hand, the results for the ND states obtained with the finite-range Gogny force, but with only angular momentum projection [30] , are similar to those shown in the right panel of Fig. 6 , i.e. an additional low-lying 0 + state is predicted by the calculation.
In Tab. I we list the PN&AMP GCM excitation energies, the spectroscopic quadrupole moments, and the E2 (J → J -2) transition probabilities for the 2 to the experimental value: −14.9 e fm 2 [34] , whereas the one predicted by the PC-F1 interaction: −3.5 e fm 2 , is much too small.
Although the present version of the RMF plus GCM model is not optimal for the study of moments of inertia of superdeformed rotational bands, because it does not include cranked wave functions, nevertheless it can be used to investigate the stability of the SD intrinsic configurations against quadrupole fluctuations at low angular momentum. In Fig. 6 it is shown that both the PN&AMP and AMP GCM calculations predict an SD band at large deformation q ≈ 4b. In the left panel of Fig. 7 we plot the energy differences ∆E(J) = E(J) − E(J − 2), as functions of the angular momentum of the SD band. Since without particle number projection pairing correlations vanish in the SD minimum, the AMP GCM calculation overestimates the moment of inertia of the SD band, and the resulting spectrum is more compressed. The moment of inertia is reduced with the inclusion of dynamical pairing effects. In the right panel of Fig. 7 we include the corresponding E2 transition probabilities. Both the relative excitation energies and the B(E2) values for the SD band are consistent with the results reported in Ref. [29] (Tab. VIII), and Ref. [30] (Fig. 3) . We note, however, differences in the predicted position of the SD band-head. In our PN&AMP GCM calculation the SD band-head is found at 8.9 MeV, almost 3 MeV lower than the value calculated with the SLy6 interaction in Ref. [29] . The AMP GCM calculation predicts the head of the SD band at 7.6 MeV, comparable to the value obtained with the Gogny D1S interaction in Ref. [30] (8.9 MeV). A possible reason for the large difference between the PC-F1 and Gogny D1S interactions on one hand, and the SLy6 Skyrme force on the other, can be identified already at the mean-field level. While the energy curves obtained with the PC-F1 and Gogny interactions (see also Fig. 2 in Ref. [30] ) exhibit a second, superdeformed shallow minimum at q ≈ 4b, only a shoulder in the potential energy curve at superdeformation is predicted by the SLy6 interaction (see Fig. 13 in Ref. [29] ).
C. 36 Ar
In the last example we present the GCM analysis of the low angular momentum structure of 36 Ar, one of the lightest nuclei in which a superdeformed structure has been studied experimentally. The excitation energies and E2 transition probabilities for the prolate SD band have been recently measured up to the angular momentum I = 16 [49] . The properties of the oblate ground-state band were determined over a decade ago [34] . A number of theoretical analyses of the structure of 36 Ar include the cranked Nilsson-Strutinsky and the shell model [49, 50] , the projected shell model [51] , the self-consistent cranked Hartree-FockBogoliubov model [31] , and the generator coordinate method with Skyrme SLy6 [29] and Gogny D1S [31] interactions.
The results of the PN&AMP and the AMP GCM calculations are shown in the left and right panels of Fig. 8 , respectively. In both cases the mean-field binding energy curve is also included (dotted curves). The BCS mean-field energy curve displays an oblate minimum, rather flat in the region of deformation: −1 b ≤ q ≤ 0.5 b. In addition, a shallow minimum is found at larger deformation q ≈ 2.8 b, at E x ≈ 9 MeV above the ground-state minimum, and a shoulder is predicted at still larger deformation q ≈ 5 b. A similar mean-field potential energy surface is obtained with the Gogny D1S interaction (see Fig. 1 in Ref. [31] ), but the SD minimum is calculated ≈ 1 MeV lower than with PC-F1. We note that in the BCS approximation pairing correlations vanish both in the ND and SD minimum, and this means that the restoration of particle number can produce sizable effects in the ground-state and SD bands. The mean-field energy curve which includes the approximate particle number projection (LNBCS), displays only a weak shoulder, rather than a minimum at deformation In the left panel of Fig. 9 we plot the energy differences ∆E(J) = E(J) − E(J − 2), and in the right panel the BE2 values, as functions of the angular momentum of the SD band, in comparison with data. Cranked Hartree-Fock-Bogoliubov calculations performed with the Gogny interaction [31] , have shown that rather strong triaxiality effects appear already at zero-spin and, as a result, predicted a steady decrease of deformation with increasing angular momentum. Being restricted to axially symmetric shapes, the model that we have developed in this work cannot take these effects into account. This is clearly reflected in the pronounced discrepancy between the calculated and experimental B(E2) values. Similar results have also been obtained with the SLy6 (see Tab. V in Ref. [29] ), and Gogny effective interactions (see Fig. 3 in Ref. [31] ). Just like in the case of 32 S that we have considered in the previous section, the transition energies and the B(E2) values do not crucially depend on the effective interaction in the particle-hole channel. On the other hand, the predicted positions of the SD band-head differ significantly: for the Gogny D1S interaction the bandhead is at 7.5 MeV, whereas the SLy6 interaction predicts a lower value of 5. 
IV. SUMMARY AND OUTLOOK
In Ref. [1] and in this work we have extended the very successful relativistic mean-field theory [2, 3] to explicitly include correlations related to the restoration of broken symmetries and to fluctuations of collective coordinates. We have developed a model that uses the generator coordinate method to perform configuration mixing of angular-momentum and particle-number projected relativistic wave functions. The geometry is restricted to axially symmetric shapes, and the intrinsic wave functions are generated from the solutions of the relativistic mean-field + Lipkin-Nogami BCS equations, with a constraint on the mass quadrupole moment. The single-nucleon Dirac eigenvalue equation is solved by expanding the large and small components of the nucleon spinor in terms of eigenfunctions of an axially symmetric harmonic oscillator potential. The current implementation of the model employs a relativistic point-coupling (contact) nucleon-nucleon effective interaction in the particlehole channel, and a density-independent δ-interaction in the particle-particle channel.
We have performed several illustrative calculations which test our implementation of the GCM with simultaneous particle-number and angular-momentum projection. The results have been compared with those obtained employing the relativistic GCM model developed in the first part of this work [1] , which does not include particle-number projection, but only conserves the number of particles on the average, and with results that were obtained using the corresponding non-relativistic models based on Skyrme and Gogny effective interactions.
In this work the low-lying spectra of 24 Mg, 32 S and 36 Ar have been analyzed. The results of GCM configuration mixing calculations both without and with particle-number projection, have been compared with those obtained with the angular-momentum projected GCM based on the Gogny D1S effective interaction, and with the particle-number and angularmomentum projected GCM based on the Skyrme SLy4 and SLy6 effective interactions. The principal features of the spectra calculated without (Gogny interaction) and with particlenumber projection (Skyrme forces), are very well reproduced in our GCM calculation with the PC-F1 relativistic effective interaction. These include the deformations and moments of inertia of yrast bands, and the occurrence and structure of superdeformed bands. Some differences between the predictions of the three models, as for instance the position of the head 0 + of the superdeformed band, can be attributed to the gaps in the mean-field singlenucleon spectra calculated with the different effective interactions. We have also shown that dynamical pairing effects play an important role in the description of the low-energy spectra.
In particular, we find a pronounced effect of particle-number projection on the moments of inertia of the ground-state and superdeformed rotational bands. Another example is the two-phonon triplet 0 
The denominator of this equation is evaluated using Wick's theorem
The principal advantage of this particular formulation of the Lipkin-Nogami scheme is that one can relate it to the theoretical framework of energy density functionals [11] 0|Ĥ |ξ ⇐⇒ E
with the following definition of the shifted densities
The second derivative of the energy functional reads
where the trace implies integration and summation over all coordinates. The term with a single trace vanishes in the BCS ground state [11] and, since we use volume pairing in the energy functional (see Eq. 9), the mixed derivative terms which containρ andκ, orρ and κ * , also vanish. With the definition of the response densitiesρ,κ andκ * ρ = −i∂ ξρ
one finally obtains
(A.9)
The RMF energy functional considered in this work consists of three terms: i) the kinetic energy 10) ii) the field energy 11) and iii) the Coulomb interaction term
(A.12)
The response densities which appear in Eq. (A.9) are given by 14) where the summation runs for τ = n(p) over neutron (proton) single-particle states. The functional derivative of E f ield reads
where ρ S and j µ denote the scalar density and baryon current, respectively , and ρ τ S and j τ µ are the corresponding neutron (proton) densities and currents. For protons there is an additional contribution from the Coulomb interaction:
To evaluate the contribution of the pairing energy Eq. (9) to the second derivative of the energy functional, one needs the non-hermitian response pairing tensor
This leads to a rather simple expression 
